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1. Introduction 

This report chronicles an aborted design effort carried out as 

a collaboration of the three organizations listed above. These or- 

ganizations began the design of a 35-MeV deuteron linear accelerator 

that is to be the basis of the Fusion Materials Irradiation Test 

(FMIT) facility to be constructed at the Hanford Engineering Devel- 

opment Laboratories (HEDL) in Richland, Washington. The work dis- 

cussed here concerns only the linear accelerator; the liquid-lithium 

target to be used for neutron production by stripping reactions is 

being developed separately by HEDL. Design work on the linear accel- 

erator by this collaboration had just begun when it was superseded by 

a collaboration of HEDL and Los Alamos Scientific Laboratory. The 

purpose of this report is therefore to set down some design problems 

and possible solutions for consideration by the Los Alamos group. 

2. Specifications of the Accelerator 

The following specifications were developed by HEDL, with some 

additions by Fermilab, as the basis for design. 

Table I. Accelerator Specifications 

Particle Deuterons 

Peak Kinetic Energy 35 MeV (variable in 5 MeV steps) 

Operation CW, with pulsing capability 

Current 100 mA 

Initially, it was decided that nothing should be done in the 

design to preclude the possibility of later accelerating a peak 
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current of 200 mA and all the design work described here was done 

with this requirement. Near the end of the effort, the require- 

ment of eventual 200-mA capability was dropped, but this change 

is not reflected in this report. 

There was initially also a requirement for completely de- 

bunched beam, but this requirement was later dropped. Some de- 

bunching of the final beam will occur naturally and, in addition, 

the transport system to the target will probably have space to 

install a cavity to provide a significant amount of debunching. 

In view of the nature of the project and the completion date 

desired, we excluded from consideration any radical design innova- 

tions, no matter how attractive they looked for linacs of the next 

generation. 

3. Choice of Frequency and Injection Energy 

At the conceptual design stage, before there was any oppor- 

tunity to do technical design work on the linear accelerator, the 

operating frequency had been chosen as 50 MHz and the injection 

energy as 750 keV.l In contrast, the Brookhaven proposal had 

settled on 50 MHz and 500 keV, while the INGRID facility proposed 

by Oak Ridge,;' for which the linac design work was done by Fermi- 

lab people, made use of 60 MHz and 350 keV. 

If a given linac structure is scaled up in frequency, it 

goes down in lateral dimensions. The space-charge limit for a 

given injection energy decreases because the beam size is smaller. 

If the space-charge limit is inadequate at higher frequency, it 

can be increased by raising the injection energy. The choices 

of frequency and injection energy are therefore not independent. 
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As frequency is raised and lateral dimensions shrink, one 

would expect the tank-fabrication costs to decrease. But this 

economy is, at least to some extent, balanced out by the increased 

costs of fabricating more drift tubes, because the cell length 6x 

has shrunk and the costs of fabricating the total structure do 

not decrease as the frequency is raised - in fact, they may even 

increase slightly. The lateral dimensions of the accelerator 

building also shrink and some economies in building construction 

should be expected. 

Not only do the costs and difficulties of manufacture of the 

injector increase with increasing energy, but the cross sections 

for neutron production from D-D reactions between lost deuterons 

absorbed on walls and beam deuterons increases rapidly, so that 

shielding becomes more difficult in the injection area. For a 

given current, it is therefore desirable to go to as low an in- 

jection energy as possible. As the present work began, there was 

concern at HEDL about the total estimated cost of the FMIT faci- 

lity as its scope became more clearly defined. The Fermilab 

people proposed at the outset that higher frequencies and lower 

injection energies should be investigated for possible economies. 

A frequency of 70 MHz and an injection energy of 500 keV were 

chosen for initial investigation. It is important to note that 

these were in no sense final choices, but rather parameters in an 

exploration of limits of the design. Because these choices made 

the first drift tube very short, most of the rest of our work 

was an investigation of the design of the first drift tube of a 

conventional Alvarez linear accelerator at 70 MHz and 500 keV. 
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It would be entirely possible to solve the problems arising 

from shortness of the first drift tube by designing a short 2 ~1 

or Wideroe structure at the low-energy end or by changing from 

+-+= to +-- + focusing. Either of these changes would give a larger 

beam and it therefore appeared useful to try to solve the design 

problems of the conventional structure. 

4. Beam Dynamics and Focusing Requirements 

There are three forces affecting transverse particle motion, 

(i) rf defocusing, (ii) space-charge defocusing, and (iii) focus- 

ing by magnetic quadrupoles installed inside drift tubes to over- 

come the affects of (i) and (ii). Both rf defocusing and space- 

charge forces decrease as particles gain energy, so the require- 

ments for quadrupole focusing are largest at the low-energy end 

of a linac, where the cell length and, consequently, the drift- 

tube length available for the quadrupole are shortest. 

Ohnuma has given4 a method by which to estimate the quadru- 

pole strength needed. The envelope equations with quadrupole 

and space-charge forces are solved numerically, adding a 6-function 

force w at the gap center to represent the rf defocusing. Here w 

is the beam envelope (x or y) and 

a 
+eEoT 

= - 
2 sinOs. 

mot s 

The space-charge force is calculated assuming that the beam is a 

uniformly populated ellipsoid occupying f_30° in phase. For the 

design under consideration, the curves given in Figs. 1 and 2 are 

derived. These curves are plotted for energies appropriate for 
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injection, the most difficult place for the quadrupole. In these 

graphs , the current I is plotted as a function of n, or of EAT for 

two values of $,. Here E. is the average axial electric field and 

T is the transit-time factor. Curves are given for a number of 

focusing-quadrupole strengths, expressed as the pole-tip field B PO 
In both graphs, the maximum beam diameter is taken to be 3 cm 

and the effective magnetic-gradient length of the quadrupole is 

taken to be 5 cm. In Fig. 1, drawn for an injection energy of 

500 keV, the quadrupole diameter is taken to be 4 cm, while in 

Fig. 2, for an injection energy of 375 keV, the quadrupole diameter 

is taken to be 3.8 cm. 

At the time these curves were developed, we were designing 

to the criterion that a current of 200 mA was not to be precluded. 

Currents of 200 mA at 375 keV require either pole-tip fields 

approaching 10 kG, which would be difficult to achieve, or give 

values of EoT of 0.1 to 0.2 or V/m depending on the value of +s 

chosen. Such small values of EoT would require a long, inefficient 

structure. We therefore concentrated our efforts on 500 keV. If, 

however, the criterion on current is changed to 100 mA with no 

further future capability, the designer should not neglect the 

possibility of injection energies lower than 500 keV. 

For 8.5 kG on the poles, which is thought to be feasible, and 

for $s = -40°, the curves given EoT = 0.75 MV/m at 500 keV and 200 

mA. For T = 0.61, corresponding to a 4-cm bore, this gives an 

average field E. = 1.23 MV/m, while for T = 0.67, corresponding to 

a bore diameter of 3.4 cm, E. = 1.12 MV/m. For 100 mA, EoT = 

1.26 MW/m and E. = 2.07 MV/m for T = 0.61 and E. = 1.88 MV/m for 

T= 0.67. 
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The maximum current calculated by this method may be an over- 

estimate because nonsynchronous particles can have considerably 

large values of n. On the other hand, the current may be an 

underestimate, because the beam may be more diffuse than the 

assumed ellipsoid. The current calculated here should be taken 

(as is almost always the case with space-charge calculations) as 

an indication rather than as a precise result. 

5. Quadrupole Design 

For purposes of exploration, the pole-tip field of the 

quadrupole in the first drift tube was fixed at 8.5 kG. Its 

physical length was fixed at 6 cm, its bore diameter at 4 cm and 

its outside diameter at 40 cm. The pole design resulting from 

the assumptions is shown in cross section in Fig. 3 and the magnet 

parameters are given in Table II below. There is some saturation 

in the narrow pole tips in this design and approximately 12% addi- 

tional ampere turns are required as indicated by a LINDA run. 

One might also add this as an extra turn near the tip end of the 

pole. It is also possible to increase the pole length in the 

center of the pole, still leaving room at the sides for the radius 

of curvature of the coils. 
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TABLE II. Quadrupole Parameters 

Field Gradient 

Magnet Length 

Aperture 

Width of Good-Field Gradient 

Gradient Quality (AB/xBA at 
0.75 inch) 

Coil Turns per Pole 

Copper Conductor Cross Section 

Water-Cooling Hole Diameter 

Conductor Corner Radius 

Conductor Current 

Magnet Inductance 

Coil Resistance 

Voltage Drop 

Power 

Cooling-Water Pressure 

Number of Water Paths 

Water Flow 

Temperature Rise 

Outside Dimensions 

Iron Weight 

Copper Weight 

10.8 kG/in. 4.25 kG/cm 

2.362 in. (6 cm) 

1.575 in. (4 cm) 

+0.787 in. (2 cm) - 

+0.04% 

32 

0.2294 in. x 0.2294 in. 

0.128 in. 

0.040 in. 

254 A 

0.0395 

10 v 

2.54 kW 

85 psi 

4 

1.24 GPM 

7.8OC 

16 in. Diameter (40 cm.) 

69 lb 

25 lb 
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Note that the length of the yoke is 6 cm, but longitudinal space 

is required for the coils to wrap around the poles, so the poles 

themselves are 4 cm long and the effective gradient length of 

the magnet is approximately 5 cm. 

This is a very large gradient for a conventional iron and 

copper quadrupole. It is in fact larger than the gradients of 

some superconducting quadrupoles that have been built. But com- 

putations indicate that it is feasible and can be built. 

It should be noted that we have not attempted to solve the 

problem of coil insulation in the radiation environment of the 

first drift tube. It is certainly true that insulation containing 

or consisting partly of alumina can be used in the radiation en- 

vironment expected, but we have not investigated any space-factor 

or fabrication problems that might arise with such insulation. 

6. Electromagnetic Field Calculations 

Initial exploration were carried out utilizing the SUPERFISH 

program developed by Halbach. The program computes power losses 

on outer walls, drift tubes and end walls. It does not, in the 

form we used, take account of the perturbation of modes and fre- 

quencies by drift-tube stems nor does it compute the power lost 

in stems. 

Almost 100 cases were treated, varying parameters of the 

linac cell at several energies. These initial cases were not 

integrated with the orbit-dynamics and magnet-design efforts de- 

scribed above; all cases had a 4-cm bore diameter rather than the 

3.5 cm used in the orbit work. This discrepancy will affect mostly 

the transit-time factor T. We could achieve values of 0.61 for T 
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at 4 cm and might expect from analytical estimates to reach a 

value of approximately 0.67, 10% higher, at 3.5 cm. 

The computational results show that it is possible to keep 

the maximum electric field within reasonable (10 MV/m) limits at a 

gap to cell length ratio g/L = 0.2. It is also entirely possible 

to achieve an inner radius of curvature of 0.5 cm where the bore 

meets the face and an outer radius of curvature, where the curved 

face meets the cylindrical drift-tube body, of 2 cm, leaving maxi- 

mum room inside for cooling and the quadrupole. It is possible 

to reduce the power loss on the drift tube by slanting back the 

face, in effect increasing the outer radius of curvature, or by 

reducing the outer diameter of the entire drift tube. But these 

changes make it more difficult to incorporate the cooling and 

quadrupole. In addition, the power saved in this way is small 

compared with the power lost on end walls and even smaller compared 

with power put into the beam. This beam power is fixed by the 

design criteria and one result of improving the efficiency of rf 

excitation by lowering the excitation power is to make the job of 

the compensating feedback systems more difficult. There is thus 

only a limited amount to be gained in a search for more efficient 

rf excitation. 

The results show that with an average field E. of 2.2 N/m, 

the rf loss on the drift tube is close to 5.2 kW and we proceeded 

to investigate cooling of this heat loss. It should be noted that 

the value of E. assumed here is not consistent with the values de- 

rived in the orbit-dynamics discussion of Sec. 4 above. We used a 

larger E. here to explore how far we could go in cooling. 
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On the other hand, we have not included any cooling for 

particle losses on the drift tube in our estimates. Orbit-dynam- 

ics investigations to estimate the distribution of these losses 

would be required to attack this problem. 

7. Drift Tube Cooling 

In order to provide the dimensional stability needed in a 

high Q system like a linac cavity, it is necessary to keep temper- 

ature differences very small. We assume a AT of l°C. The water 

flow required is then approximately 10 gallons per minute for 

each face of the drift tube, or 38 in. 3/ sec. 

It is intended to cool the drift-tube faces by cooling 

channels inside them, a method suggested to us by G. M. Lee of 

Fermilab. We assume 10 cooling paths for each drift-tube face. 

The space available between the ends of the quadrupole and the 

outer shell leave approximately 0.1 in. longitudinally for a 

cooling channel. We take the other dimension of the channel to 

be 0.4 in. The flow velocity needed is then 8.0 ft/sec in each 

channel. 

We can calculate the average channel length by assuming that 

this average channel goes around the circumference at a radius 

halfway between the inner and outer diameters. Then the average 

length is 33.4 in. 

The Reynolds number is calculated to be 1 x 104, at 25OC 

and ambient pressure, so the flow is turbulent. The pressure 

drop in a channel is calculated to be 1.33 psi, an easy pressure 

to produce. We have also calculated the case of 5 cooling paths 

and derive commensurate results (Re = 1.9 x 104, v = 15.2 ft/sec, 

pressure drop = 9.7 psig). 
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Thus our calculations show that it is possible to cool the 

first drift tube. 

8. Drift Tube Design 

The design that was developed is shown in Fig. 4. A slightly 

different design is shown in Fig. 5. The drift-tube stem is con- 

centric to allow for supply and return water paths and quadrupole 

current leads. It is attached to a cylindrical drift-tube body, 

of variable length for different energies. The drift-tube faces 

are envisaged as curved copper surfaces (perhaps spun) approxi- 

mately 0.1 in. thick. 

Inside are the cooling channels, formed in one unit for each 

face (perhaps die-cast copper or brass) with all supply and return 

channels cast into the body. The cooling-channel units are to be 

brazed to the outer surfaces. If it is necessary to cool the 

drift-tube bore because of particle losses, those channels would 

be cast into the same cooling body and the bore sleeve inserted 

and welded. 

9. Conclusions 

We have shown that it is possible to design a fix Alvarez struc- 

ture for deuterons at 500 keV and 70 MHz and to produce a feasible 

first drift tube. It may be noted in this connection that a first 

drift tube of 500 keV corresponds to a lower injection energy, be- 

cause there is energy gain in the first gap between the half drift 

tube mounted on the end wall (which can, of course, be cooled easily) 

and this first drift tube. 

It may well be that the optimal design is not at 70 MHz and 

500 keV, but difficulties at the low-energy end cannot be cited as 

arguments against these parameters. Further investigation will be 
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needed to determine an optimum design, including development of 

an entire systems design and modeling of components, including 

the drift tube discussed in this report. 
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